Background: Retinal oximetry (RO) has been established as a non-invasive method to analyse oxygen saturation in retinal vessels. The aim of our study was to compare the RO parameters of healthy children to those in adults. Methods: A total of 200 eyes of 104 healthy subjects were examined: 20 eyes of children aged <10 years and 62 eyes of children aged 10-19 years were compared to the eyes of adult controls from five different age groups (20-29 years:n = 24; 30-39 years:n = 32; 40-49 years:n = 15; 50-59 years:n = 20, 60-80 years:n = 27; n indicates the number of analysed eyes). The oxygen saturation was estimated with the oxygen saturation measurement tool of the Retinal Vessel Analyser (RVA; IMEDOS Systems UG, Jena, Germany). The global oxygen saturations, within 1.0-1.5 optic disc diameters from the disc margin, in the peripapillary retinal arterioles (A-SO 2 ; %) and venules (V-SO 2 ; %) were estimated and their difference (A-V SO 2 ; %) was calculated. In addition, we evaluated the mean diameter in all four major retinal arterioles (D-A; lm) and venules (D-V; lm). The ratio between venular and arterial vessel diameter (D-V/A; lm) was calculated thereafter. For statistical evaluation, ANOVA-based linear mixed-effects models were calculated with SPSS â . Results: Based on our results, younger children (<10 years) present a statistically significant lower A-SO 2 and A-V SO 2 when compared to adult subgroups. The D-A values revealed to be significantly lower in 10 + children when compared to the other groups, while the D-V values did not show significant differences. Conclusion: These data indicate that the retinal oxygen metabolism changes throughout lifetime. Therefore, normative data for different age groups are mandatory.
Introduction
Spectrophotometric retinal vessel oximetry (RO) is a contact-free, noninvasive method employed to estimate the oxygen saturation of retinal arterioles and venules (Schweitzer et al. 2001; Hammer et al. 2002; Hardarson et al. 2006; Geirsdottir et al. 2012 ). In the retina, oxygen is an essential metabolite for maintaining proper visual function (Stef ansson et al. 1983; Yu & Cringle 2001 Wangsa-Wirawan & Linsenmeier 2003) . Measuring RO allows for a deeper insight into the metabolic alterations of the retina.
Many ophthalmic diseases such as retinal vessel occlusions, glaucoma or diabetic retinopathy seem to be linked to the altered oxygen metabolism of the retina (Feltgen & Franko Zeitz 2014; Vicol et al. 2014) . Recent studies revealed that compared to many other retinal dystrophies, rod-cone dystrophies present a significant increment of oxygen saturation in the retinal arterioles and venules due to a reduced oxygen metabolism (T€ urksever et al. 2014a; Todorova et al. 2016; Bojinova et al. 2017) . As the RO is confirmed to be well-tolerated diagnostic tool (Schweitzer et al. 2001; Hammer et al. 2002; Hardarson et al. 2006; Geirsdottir et al. 2012 ), normative RO values for different age groups are mandatory.
So far, retinal oximetry from healthy study participants were presented for adult Icelandic Caucasians , adult Asians (Yip et al. 2014; Yang et al. 2016 ) and small cohorts of adult African Americans, American Asians, American Caucasians and Hispanics (Jani et al. 2014) . Recently Liu et al. (2017) presented oximetry estimations of Chinese adolescents from predominantly myopic children, also including high myopia over À6 dioptres. However, high refractive errors might falsify the digital imaging of oximetry estimations. Also, in order to use RO for investigations in children of other ethnic groups, normative values in Caucasian children are mandatory.
Meanwhile, besides our preliminary results (Waizel et al. 2016) , there has been only one recent attempt at acquiring retinal oximetry data in healthy newborn Caucasian children: Vehmeijer et al. (2016) presented optical density ratios and retinal vessel pixel sizes of 28 infants aged around 16 days, measured with a scanning laser ophthalmoscope. Unfortunately, due to lack of calculation constants for this scanning laser ophthalmoscope, these values could not be transferred so far into proportions of oxygen saturation or micrometre information that could be used in the clinical practice.
As many patients affected by hereditary retinal diseases fear to transmit their conditions to their offspring, there is a need for a non-invasive and welltolerated screening tool, especially for these young patients. Here, RO might play an important role in the future. However, to detect early pathological signs, normative values from healthy children are needed. As Jani et al. (2014) could show that in adult eyes, the oxygen saturation of the retinal arterioles and venules decreases with age and assumed this development to be linear, one might only expect that juvenile retinal oximetry parameters would present with even higher oxygen saturation in the retinal vessels.
To the best of our knowledge, so far there has been no investigation on the retinal vessel oxygen saturation in eyes of healthy Caucasian children. Thus, the aim of this study was to compare retinal vessel oxygen saturation in young healthy children to healthy adult controls from different age groups.
Materials and Methods
Prospective observational study was performed on 200 eyes of 104 healthy study participants examined from July 2016 until December 2016 in a single Ophthalmology centre (University of Basel, Department of Ophthalmology, Switzerland). This study was approved by the local authorities (Ethics Commission of Central and Northern Switzerland, EKNZ Basel Switzerland) with a positive vote for prospective observational investigation (trial number EKNZ BASEC 2016-01054).
The inclusion criteria for all study participants were Caucasian origin, stable fixation and refractive error spherical equivalent of <6 dioptres for either, myopia or hyperopia. Study participants who had previous ocular surgery, or ocular and systemic pathology (any intraocular surgeries such as cataract or vitreoretinal surgery, diseases of the optic nerve, retinopathies, systemic diseases, such as diabetes mellitus, systemic hypertension or neurological diseases) that may influence the retinal vessels oximetry data, were excluded from this study. Additional exclusion criteria were fundus oximetry images with inadequate quality, or expressed unwillingness to participate in the study. The research procedures were carried out in accordance with institutional guidelines and the Declaration of Helsinki. Informed consent was obtained before the examination. For study participants under the age of 18 years, written informed consent was given by at least one parent after verbal informed consent of both, children and parents. All participants were aged between 5 and 80 years. We defined the following subgroups by decades: young children aged between 5 and 9 years labelled as '<10 years'; older children aged between 10 and 19 years labelled as '10+' subgroup. The adult subgroups were classified the same way: participants aged between 20 and 29 years were labelled as '20+' subgroup, 30-39 years as '30+', 40-49 years as '40+', 50-59 years as '50+' and 60-80 years as '60+'. Due to compliance reasons, children under 5 years of age and elderly subjects above 80 years of age were excluded from the study. All participants underwent a detailed ophthalmic examination including refraction, best corrected Snellen visual acuity, slit lamp examination, biomicroscopy and fundoscopy. In all children, including those under 10 years of age, cycloplegic retinoscopy was performed.
Prior to RO measurements, both pupils were maximally dilated with Tropiphen 10 ml eye drops (prepared in our institutional pharmacy as a combination of tropicamide 0.5% and phenylephrine 1%). Three drops per eye at 10 min intervals were applied.
Retinal vessel oximetry acquisition
We used a spectrophotometric oximetry unit for retinal vessel oximetry (IME-DOS Systems UG, Jena, Germany; Fundus camera FF450, Carl Zeiss Meditec AG, Jena, Germany). Fundus images were recorded using a camera system, DCC Digital Camera KY-F75 (JVC Inc., Yokohama, Japan) coupled to the Zeiss fundus camera from a camera angle of 50 degrees. Based on the differential light imaging characteristics at different wavelengths, the software operating the system (VISUALIS; IMEDOS Systems UG), differentiates simultaneously the oxygenated haemoglobin from the deoxygenated, measuring thus the oxygen saturation level in the examined retinal vessel. Briefly, the acquisition of oximetry imaging is performed at two wavelengths: at the green channel (548 AE 10 nm) to capture the oxygen insensitive image and at the red channel (610 AE 10 nm) to capture the oxygen sensitive image (Hammer et al. 2002 (Hammer et al. , 2009 ). An optic disc-centred image protocol was applied, where two concentric rings are created in the peripapillary area: one with a radius of 1.0 optic disc diameters, and second with a radius of 1.5 optic disc diameters. The region between these two circles defined the area of interest, in which we performed all measurements (as labelled in Fig. 1 ). Four test-retest fundus images for each eye were obtained (Todorova et al. 2014; T€ urksever et al. 2014a Todorova 2017) . Only one image with optimal illumination, red channel illumination <160 step of the scale and green channel illumination >60 step of the scale was then selected for further analyses, as described in details in our previous paper (T€ urksever et al. 2015) . We selected manually for analyses all main arterioles and venules within the measurement area and evaluated the global mean oxygen saturation in retinal arterioles (A-SO 2 ) and venules (V-SO 2 ) and calculated their difference, the A-V SO 2 (Fig. 1 ). In addition, we estimated the diameter of the retinal arterioles (D-A) and venules (D-V). The corresponding D-V/A ratio was calculated, as well.
Statistical analysis
Study endpoints were the mean arteriolar (A-SO 2 ; %) and venular (V-SO 2 ; %) oxygen saturation, their difference (A-V SO 2 ; %), as well as the mean diameter of the retinal arterioles (D-A; lm) and venules (D-V; lm) and their corresponding D-V/A ratio. International Business Machines Corp., Armonk, NY, USA) which allows taking the dependency of the left and right eye in the same subject into account and is suitable for repeated measurements. The eye, the spherical equivalent of refraction and the group were treated as fixed factors and the subject as a random factor, in order to predict their effect on oximetry estimates in age subgroups. The results are presented as median, standard deviation (AESD) and 95% confidence intervals for all examined groups, with their corresponding p-values. p < 0.05 was defined as statistically significant.
Results
In total, our study participants' (58 ♀ 46 ♂) age ranged from 5 to 80 years (31.0 AE 20.3 years, mean AE SD). Twenty (20) eyes of 10 children aged <10 years (5 ♀ 5 ♂; mean age 7.0 AE 1.1 years) and 62 eyes of 31 children aged between 10 and 19 years (19 ♀ 12 ♂; 13.8 AE 2.4 years) were compared with 118 eyes of 63 healthy adult controls from different age groups: (20-29 years with n = 24, 7 ♀ 5 ♂; 26.1 AE 2.1; 30-39 years with n = 32, 10 ♀ 6 ♂; 32.6 AE 2.6; 40-49 years with n = 15, 6 ♀ 2 ♂; 44.2 AE 3.0; 50-59 years with n = 20, 7 ♀ 4 ♂; 54.8 AE 2.9; 60-80 years with n = 27, 5 ♀ 11 ♂; 67.1 AE 5.6). We found no significant gender differences for any parameter in any subgroup (p > 0.05).
Oximetry results

Comparison of oxygen saturation values of younger children (<10 years) versus older children (10+) and adult eyes
In general, younger children (<10 years) differed from older controls when the oxygen saturation parameters A-SO 2 and the A-V SO 2 were taken into account: In children under the age of 10 years, the median AE standard deviation for A-SO 2 and A-V SO 2 of the retina were estimated at 86.0 AE 13.6% and 27.1 AE 12.5%, respectively (Table 1) . The median for V-SO 2 was 56.4 AE 13.6%. When compared to all age subgroups, A-SO 2 of the younger children (<10 years) was significantly lower than that of the older children (10+), and almost all adult subgroups (p < 0.03, see Table 2 for details) except for the 40+ group, where the difference did not reach statistically significant values (p = 0.056).
A similar finding could be detected for the A-V SO 2 parameter: when compared to all age subgroups, A-V SO 2 of younger children (<10 years) was significantly lower than the respective one in all adult subgroups (p < 0.01, see Table 2 for details). On the contrary, V-SO 2 showed no statistically significant difference between very young children and the adult subgroups (p > 0.07).
Comparison of older children (10+) versus adult eyes
Older children (10+ years) differed from adult controls when the oxygen saturation parameters A-V SO 2 and the V-SO 2 were taken into account: In children over the age of 10 years, the median for A-V SO 2 and V-SO 2 of the retina were estimated at 29.5 AE 10.0% and 63.3 AE 11.4%, respectively (Table 1 ). The corresponding median for A-SO 2 was 94.3 AE 10.2%. When compared to all adult subgroups, A-V SO 2 of the older children (10 + years) was significantly lower, than in almost all adult subgroups (p < 0.05, see Table 2 for details). Only the comparisons to the 20 + and 50 + subgroups did not reach statistical significance (p > 0.085).
An interesting finding was detected for the V-SO 2 parameter: when compared to all adult subgroups, V-SO 2 of the older children (10 + years) was significantly higher than in the middle-aged adult subgroups of 30 + and 40 + (p < 0.043, see Table 2 for details), whereas for A-SO 2 we found only a statistically significant increment, when compared to the oldest subgroup 60+ (p = 0.006). 
Retinal vessel diameter results
Comparison of young versus adult control eyes
Basically, children (both, <10 years and 10+) differed only slightly, however, without reaching statistically significant difference, from adult controls, when the vessel diameter parameters (D-A and D-V) were taken into account.
When evaluated in subgroups, older children (10+ years) differed from middle-aged adults by the diameter of the retinal arterioles: D-A of the older children (10+ years) was significantly lower than those of the middle-aged adult subgroups 30+, 40+ and 50+ (p < 0.04, see Table 3 for details). Meanwhile, for the retinal venules diameter (D-V), we found no systematical differences within all age subgroups.
In addition, we calculated the ratio between venular and arteriolar vessel diameter and found the D-V/A ratio to be stable throughout all age subgroups with 1.31 AE 0.25 (p = 0.528). All calculated pairwise comparisons revealed no significant differences (p > 0.1). Therefore, our data suggest that the D-V/A ratio seems to be stable throughout lifetime.
Influence of refraction to diameter and oximetry measurements
To rule out the influence of refraction on RO-values, we took into account the spherical equivalent of all participants as a covariate in our analysis. Our results revealed no significant influence, both for the retinal vessel diameter and the oximetry saturation estimations over all analysed age subgroups: p = 0.968 for all A-SO 2 estimations; The knowledge of age-related changes in retinal vessel oxygen saturation and retinal vessel diameter is essential in order to use RO for recognizing normal from diseased retinas in future, and more specifically, to distinguish for which individuals disease can be excluded. This is the first study in literature that evaluates the age-related changes in retinal vessel oxygen saturation and retinal vessel diameter in healthy young and older children in comparison with adult controls from different age groups.
Our data show that younger children (<10 years) differ from adult controls by means of oxygen saturation values. More precisely, by the A-SO 2 and the A-V SO 2 values: we found significantly lower average A-SO 2 and A-V SO 2 values in children compared to adult controls: with the lowest A-SO 2 and A-V SO 2 values in the <10 years group, followed by the 10 + years group. Examining 61 multiethnic adult controls aged between 19 and 74 years, Jani et al. (2014) proposed a linear progression for oxygen saturation throughout lifetime, with reduction in arterial oxygen saturation values with age. Following this statement, one would expect higher oxygen saturation levels in children. However, in our Caucasian controls, we found lower arterial oxygen saturation values in younger children with a parabolic progression throughout lifetime, with decrease in the eldest age controls.
One possible explanation of the lower arterial oxygen saturation values in the <10 years group could be due to increased oxygen metabolism upon growth and development (Puyau et al. 2016) . Generally, the energy expenditure of physical activities in preschool children is discussed to be higher, when compared to school-aged children. With intensified physical exercise the oxygen supply through breathing is expected to increase, which itself leads to a decrease in oxygen extraction from the retinal circulation (Werkmeister et al. 2015) . Following that, oxygen saturation of arteriolar vessels (A-SO 2 values) might be expected to decrease, a result confirmed in our present study. Also, as the A-V SO 2 difference is known to be proportional to oxygen metabolism and is calculated by extracting the arterial saturation values (A-SO 2 ) from the venular saturation values (V-SO 2 ), any increase in oxygen use would result in decrease in A-SO 2 values and correspondingly in decrease in A-V SO 2 values. This finding is again confirmed in the present study.
Contrary to preschool children, the basal metabolic rate is discussed to decrease with adolescence (Puyau et al. 2016) , a finding, which probably influences the venular saturation levels in school-aged children. Reduced retinal arterial oxygen saturation findings in younger children seem further to be in agreement with previous statements on oxygen consumption in the cerebral neurons of animal models: under normal conditions oxygen consumption is found to increase with age. In analogy to the brain tissue, the retinal tissue requires an extensive energy supply to maintain its functions. In neonatal brain, the metabolic rate in cerebral neurons is known to be lower than in the adult brain. Here, the reduced metabolic rate has been discussed to reflect the development with generally lower cellular energy utilization and altered control of energy supply. On the contrary, in the elderly brain the increased oxygen consumption has been associated with the increased sensitivity of adult neurons against vascular (ischemic) and degenerative conditions (Schuchmann et al. 2005) . Reflecting retinal metabolic activity in younger children, due to increased metabolism while growing and maturation, the retinal oxygen consumption would be expected to be lower, which is confirmed by the A-V SO 2 values, an indirect estimation for oxygen consumption. Vehmeijer et al. (2016) performed retinal oximetry measurements with a scanning laser ophthalmoscope on 28 infants and found a significant difference both for the diameter of the retinal arterial and venous vessels measured in pixels, and their optical density ratios. Unfortunately, due to missing calculating constants, these data cannot be easily compared to the retinal oximetry values of adults given in per cent for the retinal vessel oxygen saturation and in micrometres for the retinal vessel diameter. Still, their finding is of main importance for further studies in preterm infants with retinopathy of prematurity (ROP), where the influence of oxygen saturation on retinal vessel diameter may play an addition role. It is assumed that the grade of oxygen saturation within the vessels might be a covariant for vessel diameter regulation. In regard to the retinal vessel diameter, Palkovits et al. (2014) found a positive correlation between the diameter of retinal vessels and their retinal oxygen saturation under normal conditions and systemic hyperoxia in 41 healthy adults aged between 18 and 35 years: Both, the retinal venular and arteriolar diameters, decreased significantly during 100% oxygen breathing. Further studies in young children are therefore needed in order to understand the aetiological factors of ROP and to use the RO as a screening tool for monitoring the effect of oxygenation on progression of ROP.
In our study, we found the diameter of retinal arterioles in the older children (10+ group) to be lower than that of young children (<10 years) and adults. The elderly subgroups (50+ and 60+ groups) showed a decrease for both the arteriolar and venular diameter. So far it is known that decreased vessel dispensability, focal narrowing, vascular structural remodelling and changes in viscoelastic properties occur in ageing vessels and therefore lead to a decrease in the diameter throughout lifetime (Wong et al. 2004; Seshadri et al. 2016) . A cross-sectional study on primary school children aged about 7 years could show that narrower retinal arteriolar diameters and wider retinal venular diameters might be associated with obesity (Gerber et al. 2016 ). Meanwhile, for now there was no study comparing the retinal vessel diameters of children from different age groups.
The diameter of retinal vessels itself is discussed to be a confounding factor, influencing RO measurements, and it introduces a necessity for correction of the obtained results (Beach et al. 1985; Hammer et al. 2008; Blondal et al. 2011; Eysteinsson et al. 2014) . Now both Oxymap and Imedos have vessel correction software pre-programmed for correcting the mistake. As the retinal vessel diameters are recorded as units of measurement (UM) and are equal to micrometres in the normal Gullstrand eye, we took the spherical equivalent of the refraction into account, in order to rule out an optical magnification error associated with variation in refraction (Bennett et al. 1994; Wong et al. 2004; Garhofer et al. 2010) . We found no significant influence of refraction for neither the retinal vessel diameter nor the retinal vessel oxygen saturation.
In conclusion, our data indicate that retinal oxygen metabolism and retinal vessel diameter changes throughout lifetime. Therefore, normative data for different age groups are mandatory to use RO as a diagnostic tool in future.
There are several limitations of the present study including among others:
The non-homogeneous size between the subgroups, especially the subgroup of younger children (<10 subgroup, n = 20) against the older children (10 + subgroup, n = 62). Also, some authors have already demonstrated that during the acquisition of oximetry image, the brightness, the gaze position and the location of the optic disc, as well as the gender and the ethnicity may play an important role for obtaining precise data (Heitmar & Safeen 2012; Palsson et al. 2012; Heitmar & Cubbidge 2013; Man et al. 2013; T€ urksever et al.2015) . The latter seems to be the case especially for younger children, as very young children tend to have difficulties to keep still for few seconds. Thus, collecting fundus-imaging data from this subgroup is very challenging and should be performed by an experienced operator. However, for the first time in the literature, we managed to collect good quality retinal oximetry data from 20 eyes of healthy young children and 62 eyes of children aged over 10 years. To use RO as a diagnostic tool, further prospective studies are needed in diseased juvenile eyes.
